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In vitro mucus glycoprotein production by colonic
tissue from patients with ulcerative colitis
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SUMMARY Colonic mucus production was measured in vitro by means of incorporation of tritiated
glucosamine using biopsy material from patients with ulcerative colitis and compared with data
from patients with Crohn's disease, colonic carcinoma, colonic polyps and patients with apparently
normal colonic mucosae. Mucus production was significantly decreased (p<003) in all patients
with ulcerative colitis, and in particular in patients with inactive disease when compared with
normal subjects. In patients with active disease mucus production was not significantly different
from normal subjects. The radiolabelled material was characterised by gel filtration and ion
exchange liquid chromatography as mainly high molecular weight glycoproteins. These results
indicate that the quantitative character of colonic mucus is abnormal in inactive ulcerative colitis.

Mucus is a complex viscoelastic secretion which
forms a continuous protective layer over the entire
mucosal surface of the gastrointestinal tract.' The
function of this layer is presumably to protect the
delicate mucosal epithelium from damage by diges-
tive processes and the passage of gut contents,2 and
to prevent epithelial colonisation by pathogenic
organisms.' 3

Various characteristics of colonic mucus have been
reported to be abnormal in ulcerative colitis. Histo-
logical examination of colonic tissue shows the
characteristic feature of goblet cell depletion, with
the degree of depletion proportional to disease
activity.4 Histochemical analysis of the colonic mucus
shows a gradual reduction in the neutral and acidic
mucins which again appears to be related to the
severity of inflammation.5'6 The evidence for
structural changes have been supported by lectin
binding studies.' Biochemical analysis of colonic
mucus revealed a decrease in large molecular weight
glycoproteins with a corresponding increase in small
molecular weight mannose rich glycoproteins.6 The
serine/threonine content of the protein core has been
shown to be decreased,9 while the oligosaccharide
chains, that attach to and protect the protein core,
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have a decreased number of monosaccharide units
per chain.6 Chromatographic separation of purified
human colonic mucus has identified six distinct mucin
species, one of which appears to be consistently
deficient in active and inactive ulcerative colitis. "'

Tissue culture techniques using the incorporation
of radiolabelled sugars into newly synthesised mucus
glycoproteins have proved useful for the in vitro
study of mucus production."-'3 A previous report of
colonic mucus production in vitro by rectal biopsies
from patients with active ulcerative colitis showed a
significant increase in mucus production compared
with controls.'2 The numbers studied, however, were
very small. Our recent observations on colonic mucus
abnormalities and cigarette smoking after the evid-
ence of a negative association between smoking and
ulcerative colitis'4'5 prompted us to determine the
rate of mucus production by colonic tissue from
patients with both active and inactive ulcerative
colitis and a variety of other colonic diseases.

Methods

BIOPSIES

Biopsies were removed from the descending colon, in
patients attending for routine colonoscopy. Note was
taken of the clinical status of each patient, and the
diagnosis later confirmed by independent histological
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examination of fixed biopsy material. The study
included 64 patients with inactive and 18 with active
ulcerative colitis, nine with Crohn's disease, 40
with colonic polyps, 18 with evidence of colonic
carcinoma, and a further 64 patients without colonic
disease with either diverticular disease or irritable
bowel syndrome were also studied, and this group is
subsequently referred to as 'normals'.
Two biopsies from each patient were cultured

using established tissue culture techniques,2 13 in
Roswell Park Memorial Institute 1640 culture
medium containing 100 mg/ml fetal calf serum, 160
,tg/ml gentamicin, 2 mM glutamine and 1*25 ,ICi
(46.2 kBq) D-(1-3H)glucosamine hydrochloride
(specific activity 2-2 Ci (81.4 GBq)/mmol) at 37°C in
5% C02/95% air for 24 hours. During culture the 3H-
glucosamine was incorporated into newly synthesised
glycoconjugates.'2'3 After culture the biopsies were
removed from the medium, washed by gentle vortex
in 1 ml of medium devoid of radiolabelled glucosa-
mine and placed in 2 ml of 3-3 mM CaC12 solution
and homogenised at 4°C. Two, 220 ,ul aliquots of the
homogenate were removed for the determination of
total protein content, in duplicate, by a modification
of the Lowry method.'6 A further aliquot of 1500 RI
was taken and the radiolabelled glycoconjugates
precipitated with a solution of trichloroacetic (TCA)
and phosphotungstic (PTA) acids at a final concen-
tration of 100 mg/ml and 10 mg/ml respectively at 4°C
overnight.'3 The resultant acid-insoluble precipitate
was isolated by centrifugation at 11 500 rpm (8800 g),
resuspended and washed twice with a 10% TCA/1%
PTA solution. Lipid was removed by washing twice
with a 1:1 (v:v) chloroform/methanol mixture. The
final lipid free pellet was allowed to dry at room
temperature, dissolved in 1 ml NCS (Amersham)
solubilising fluid, mixed with 15 ml of liquid scintilla-
tion fluid and allowed to stabilise for 24 hours. The
amount of tissue-associated acid insoluble 3H-
labelled mucus glycoproteins were determined by
counting in a liquid scintillation counter.
The culture medium and medium used to wash the

biopsies were combined and after extensive dialysis
for 60 hours against three changes of 0-15 M NaCl
solution, were extracted in the same way as described
for the tissue to give secreted glycoproteins. A
control medium was also included which contained
the same amount of radiolabel and incubated under
the same conditions but without any biopsy material.
The control results were subtracted from the experi-
mental results to correct for the presence of protein
bound radioactivity. The final results were expressed
as disintegrations of the incorporated radiolabel per
minute per mg protein in the biopsy (DPM/mg
protein). The results of the tissue and medium
fractions were combined to give total incorporation

which represents total mucus glycoprotein produc-
tion. Statistical analysis of the data was undertaken
using Kruskal-Wallis analysis for non-parametric
data.

Characterisation of the acid precipitated material
was attempted, but because of problems of insolu-
bility further characterisation was carried out on
unprecipitated radiolabelled material. '7 After culture
the biopsies were homogenised with the culture
medium under conditions previously described. The
homogenate was centrifuged at 1500 rpm for five
minutes to remove cell debris, dialysed for 60 hours,
and further purified by recentrifugation at 33 000 rpm
(105 000 g). The supernatant was passed through a
0-45 ,uM millipore filter, a 200 ,ul aliquot taken for
determination of radioactivity. A Sepharose 4B
column (1.8x48 cm), had previously been equili-
brated with 0-01 M Tris HCI buffer pH 8-0 at a flow
rate of 22 ml/h. The void volume was determined
with dextran blue with continuous UV monitoring at
260 nM. A known volume of the sample was applied
to the column and 2 ml fractions collected. The
radioactivity in each fraction was monitored by
removing a 200 tl aliquot and counting in 5 ml of
scintillation fluid. Gel filtration was performed on 20
samples from unselected patients.
The fractions containing the labelled large mole-

cular weight material, corresponding to the excluded
void volume, were pooled, lyophilised and redis-
solved in 2*2 ml of Tris HC1 buffer. After dialysis for
24 h against 0*15 M NaCl the sample was applied to a
DEAE-cellulose column (1*6x60 cm), which had
been equilibrated with 0-01 M Tris HCI buffer pH
8-0, flow rate 31 ml/hour. The column was eluted with
a step wise gradient of NaCl/Tris HCI buffer. The
concentrations used were 0-05, 0-1, 0-15, 0-2, 0-25,
and a final step of 5-0 M NaCl.'7 Throughout, 3 ml
fractions were collected and the radioactivity levels
monitored in each fraction. Ion-exchange chromato-
graphy was carried out on five of the previous 20
samples.

Further characterisation of the large molecular
weight material excluded from the gel filtration
column was undertaken. Degradation of mucus
glucoproteins with proteolytic enzymes, such as
papain, is regarded as a characteristic feature.'8'9
Biopsies were cultured and the non-dialysable, radio-
labelled material prepared for chromatography, as
previously described. After the method of Pearson et
al,'9 the radioactive material was chromatographed
on Sepharose 2B eluted by 0.2 M NaCI:0 02% azide
buffer at a flow rate of 22 ml/hour. The void volume
fractions were pooled, lyophilised, redissolved, and
dialysed overnight against the NaCl:azide buffer.
The resultant material was digested according to the
method of Scawen and Allen,18 with papain at 60°C
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Table 1 D-(l--H)glucosamine incorporation into mucus
glycoproteins ofvarious patient groups as well as 'normal
subjects'. The results are givenfor tissue and medium
fractions seperately as well as total incorporation. (Median
valuesfor each group)

(-H) Glucosamine incorporation
(DPMlmg protein x 10J -)

Biopsy Mediutn Total
n fractioni fractioni incorporation

Normal subjects 64 64-4 49-0 120(0
Ulcerative colitis 82 50.8* 42 6 93.7*

Inactive 64 49.6* 38X5 93 2*
Active 18 52-9 59-6 113-4

Crohn'sdisease 9 60(7 33-9 117 2
Coloniepolyps 40 61 4 47.3 102-5
Coloniccarcinoma 18 49-6 45.0 95-2

*Significantly less than normal subjects (p<003).

for 48 hours in a phosphate/cysteine/EDTA buffer.
The resultant solution was filtered, the radioactivity
monitored and a known volume rechromatographed
on Sepharose 2B under the same conditions.

Results

Table 1 shows the results of in vitro D-( 1-_3H)-
glucosamine incorporation into large molecular
weight mucus glycoproteins by colonic tissue from
patients with ulcerative colitis and other colonic
diseases (Fig. 1).

150- Biopsy * MediumS Total D: * p<005
significantly
different from
normal subjects

0

0.

E

a050

a050

NOR UC UCi UCa CD POL CA
Disease states

Fig. 1 In vitro radiolabelled glucosamine incorporation
into newly synthesised mucus glycoproteins by colonic
biopsies during culture. Results shown arefor the biopsy or
tissue-associated glycoproteins, medium orsecreted
glycoproteins, and total glycoprotein production, in a
number ofdifferent disease states. *p<0-05 significantly
differentfrom normal subjects. NOR=normal subjects;
UC= ulcerative colitis; UCi= ulcerative colitis-inactive;
UCa= ulcerative colitis-active; CD= Crohn 's disease;
POL =polyps; CA =carcinoma.

The level of incorporation measured in the tissue
fraction of all patients with ulcerative colitis was
significantly lower (p<003) than that measured in
normals, with no significant difference detected in
any of the other disease states. The ulcerative colitis
patients with inactive disease had significantly lower
tissue-fraction incorporation levels compared with
normals (p<003) but those patients with active
disease had a level of incorporation that was not
significantly different from normals.
The secreted mucus glycoproteins, as measured in

the medium fraction, was again lower in all patients
with ulcerative colitis, but did not reach significance.
When disease activity was taken into account the
patients with inactive disease had lower incorpora-
tion than normal subjects, but the patients with active
disease had a raised rate of secretion. Because
of the relatively small number of patients with
active disease, however, the difference did not
reach significance. There was no difference in
secreted mucus between normals and any of the other
groups.

Total incorporation into large molecular weight
mucus glycoproteins was significantly decreased in
patients with ulcerative colitis (p<003) compared
with normals, as was the incorporation in inactive
disease (p<003). When the disease was in its
active phase, however, total mucus production
was raised, relative to the inactive disease group, and
reached a level which was comparable with that
measured in normals. The levels of mucus production
measured in patients with Crohn's disease, colonic
carcinoma and colonic polyps did not differ from that
measured in normals.
Measurement of radiolabel assimilation showed

that approximately 92% of the administered radio-
label remained unincorporated and was removed
during dialysis. Of the remainder, 50 4% was incor-
porated into acid soluble material, regarded to be
precursors to glycoprotein synthesis and smaller
molecular weight glycoproteins,'4 and finally 49-6%
into the acid precipitated large molecular weight
glycoproteins. Table 2 shows the range and medians

Table 2 Range and medians ofradiolabel incorporation
into tissue and mediumfractions, and total incorporation for
allsubjects (DPMlmg protein). Valuesfor range and median
ofcontrol media also included (DPM). (n=number of
samples)

11 Ranige Median
(DPMlmg protein x 10 -)

Tissue fraction 204 9-6-177 1 54.5
Mediumfraction 204 155-5941 43.3
Total incorporation 204 26-1-636-1 108(7
Control medium 48 0-6-34-4 13 2
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Fig. 2 Sepharose 4B separation ofradiolabelled material.
Column (I 6 x 48 cm) eluted with O OIM Tris HCl bufferpH
8-0. Example ofone sample separation showing that the
majority ofthe radioactivity elutes in the void volume,
corresponding to high molecular weight glycoproteins.

of radiolabel incorporation into the tissue and
medium fractions, and that for the total incorpora-
tion for all subjects. Also included are the range and
median value for the control media.

Characterisation of the radiolabelled material
indicates that a large proportion of the (3H)-
glucosamine was incorporated into large molecular
weight material, that which is excluded in the void
volume of a Sepharose 4B column (Fig. 2). The mean
recovery of radiolabelled material from this column
was 79*9%. The amount of recovered material that
was excluded into the void volume varied from eight
to 49%, with a mean of 29-5%. Further separation
of this peak by DEAE-cellulose ion exchange
chromatography showed that at least two seperate
molecular weight peaks were present (Fig. 3). These
findings are in agreement with previous work on the
characterisation of purified colonic mucus by
LaMont and Ventola who also obtained two mucus
glycoprotein peaks eluting from the DEAE column. 17

Proteolytic digestion of the Sepharose 2B excluded
volume produced, on three seperate occasions, a
shift of the radiolabelled material to the right, to
those fractions corresponding to the included
volume. This is strongly suggestive that the large
molecular weight material was mucus glycoproteins
which were degraded by the enzyme at the unglyco-
sylated region, producing smaller molecular weight
glycopeptides."

Discussion

Mucus, an essential feature of the mucosal defence
mechanisms,' 2 is considered to be abnormal in
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Fractions 0-130

Fig. 3 Ion exchange separation ofSepharose 4B void
volumefractions lyophilised, redissolved, dialysed and
applied to a DEA E-cellulose column (1 6 x 60 cm)
equilibrated with Tris HClpH8-0 buffer and eluted with a
step wise gradient ofNaCl rangingfrom 005M to afinal
concentration of5.OM.

ulcerative colitis.' Qualitative evaluation of colonic
mucus glycoproteins has found consistent alterations
which could indicate that the mucus may not possess
the structural integrity required for complete epithe-
lial protection."' Liquid chromatography of purified
colonic mucus has detected a consistent deficiency of
one of six mucin subclasses in ulcerative colitis."'
Some criticism has been expressed recently, about
the validity of these techniques, but these criticisms
require further substantiation.

Radiolabelled precursor incorporation into newly
synthesised glycoconjugates has been used exten-
sively as a means of studying intestinal mucus pro-
duction. And while it is recognised that mucus
glycoproteins are not the only macromolecule to be
labelled it is generally agreed that mucus glycopro-
teins incorporated the majority of the radioactivity,
and after acid precipitation and lipid extraction that
radiolabel incorporation reflects the rate of mucus
glycoprotein production. 12 2324

Previous attempts at measuring colonic mucus
production in ulcerative colitis in vitro showed an
increased production in rectal biopsies removed from
only a very small number of patients with active
ulcerative colitis compared with material from
healthy controls. 12

Our findings in a large number of patients show that
the amount of newly synthesised mucus glycopro-
teins, remaining with the biopsy tissue after culture,
is significantly lower (p<003) in patients with ulcera-
tive colitis than that measured in biopsies from
patients with apparently normal colonic mucosa. The
mucus synthesised and released into the medium
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during culture was also lower, resulting in the total
mucus production being significantly decreased in
ulcerative colitis than that measured in normal
subjects.
The degree of disease activity appears to effect

colonic mucus secretion. When the disease is in
remission the rate of mucus secretion is lower than
that in normals, but when the disease relapses
mucus secretion increases. This has the effect of
increasing the total mucus production in active
ulcerative colitis to a level comparable with normal
levels. We have previously shown that cigarette
smoking increases colonic mucus production in
patients with ulcerative colitis who are current
smokers.'5 16
Our findings that tissue associated, secreted and

total colonic mucus production in patients with
Crohn's disease was not significantly different from
that measured in normals is consistent with patho-
logical findings that goblet cell depletion is not
seen to any significant degree, even in the presence of
active inflammation.4 The results obtained from
patients with colonic polyps and carcinoma were also
not significantly different. Structural alterations have
been detected in mucus associated with colonic
neoplasia and adjacent 'transitional areas',' and this
was taken into account when choosing the site for
biopsy sampling.
From these and previous findings it is clear that

there are quantitative changes to mucus glycopro-
teins in inactive ulcerative colitis. When the disease
changes to its active phase mucus production
increases even in areas with no apparent inflamma-
tion, and increase further still in areas of active
involvement." These in vitro results are consistent
with pathological findings which show that in remis-
sion the mucus secreting epithelial crypts are reduced
in number, atrophied, and irregularly spaced,25 which
would presumably result in reduced numbers of
goblet cells. In active disease, however, the epithelial
cell turnover rapidly increases with upward expan-
sion of the crypt proliferation zones,2627 resulting in
exfofiation of immature cells.28 This would presum-
ably have the effect of increasing precursor uptake
into the mucus biosynthetic pathway but the mucus
would be discharged prematurely before completion
of the mucus synthesis.
Our own and previous characterisation of (3H)-

glucosamine labelled material'2 '3 has shown that it
is mainly of high molecular weight, with high levels
of radioactivity eluting in the void volume of a
Sepharose 4B column. The ionic character of this
radiolabelled material shows that it is not an homo-
logous entity but consists of two or more different
molecular species.
Mucus glycoproteins are an important component

of the protective mechanisms of the colon. Any
deficiency whether it be in the qualitative or quantita-
tive aspects could make the colonic epithelium more
vulnerable to damage. We cannot be certain whether
or not this is an epiphenonenon, nevertheless our
evidence shows that the quantitative character of
colonic mucus, as measured by incorporation of
radiolabelled sugars into newly synthesised mucus
glycoproteins during tissue culture, is abnormal in
active and inactive ulcerative colitis and this may well
be relevant to the pathogenesis of ulcerative colitis.
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